reach 75 mm in length [4] , and the anterior part of the body is capped with a ''bivalved'' carapace, comparable to that of modern phyllocarid crustaceans [5] . While nervous tissues and sensory features have recently been identified [6, 7] , this arthropod awaits a full redescription and reinvestigation of its phylogenetic relationship. Clusters of ovoid objects are present in only five out of 1,845 specimens observed. In all such cases, these objects occur in the anterior third of the body just below a ''bivalved'' carapace ( Figure 2 ; Table 1 ; Figures S1-S3). Their consistent location between the anterodorsal part of the body and the inner wall of the carapace as well as their similar sizes and preservation all suggest that these elements are eggs. Eggs are particularly prominent along areas where the carapace has been exfoliated. They are comprised of an outer ring and darker internal elements (Figures 2A-2D and 2I). The eggs are grouped within two clusters on each side of the body ( Figures  1A and 1B) . The position of egg clusters, between the last post-antennular anterior appendages and the first lamellate appendages, suggests no physical interaction with the basal or distal parts of limbs.
Clusters seem to consist of a single layer of eggs with no or limited overlap among eggs. A dark, possibly filamentous stain (Figures 2I and S3A) could represent remnants of mucal material that may have held the eggs within the carapace-body interspace. In some specimens, eggs are about equidistant from each other (i.e., Figure 2I ), although in other specimens ( Figures  2A-2D ), eggs are closer together, probably reflecting variations in the angle of burial and shifts of eggs during burial. The maximum number of eggs preserved per cluster ranges from 7 to 12. Two dorsoventrally preserved specimens show an equal number of eggs on either side of the carapace, suggesting that the total number of eggs per specimen could reach 24. This may be an underestimate due to variations in the angle of burial, partial crushing, and partial removal of the carapace above some egg clusters. The two largest clusters occupy about a fifth of the lateral surface area of the carapace ( Figures  2C and 2I ). Egg diameter (ED; 2G ), while the largest eggs are more elliptical (e.g., Figure 2B ).
The carapace length of egg-bearing females varies from 17.5 to 20.6 mm and is comparable to the largest complete specimens known of this species, suggesting that these specimens are adults.
Elemental maps of the eggs ( Figures 2D, 2J , 2K, and S1-S3) show two distinct compositional areas: (1) a circular area rich in aluminum (and to a lesser extent potassium), with sharp external boundaries, and (2) a central or eccentric core, with less regular outlines that are enriched in carbon, calcium, and phosphorus, and also contains iron and sulfur and, more rarely, copper. A distinct 5-10 mm thick ring rich in carbon partially overlaps the inner core, suggesting it represents an additional structure ( Figures 2J, 2K , and 2L; Figure S2 ). The eggs are surrounded by a more diffuse and variable halo enriched in silicon. The smallest eggs ( Figures 2E-2H ) exhibit an area rich in carbon with no surrounding mineral differentiation.
DISCUSSION

W. fieldensis in Comparison with Extant Arthropods
We hypothesize that the egg-bearing specimens represent reproductively mature female individuals. The carrying of eggs by males is generally a rare phenomenon in arthropods today, e.g., [1] , although there are notable exceptions, e.g., [10] . The external morphology of specimens lacking eggs seems comparable to ovigerous ones, although observation of potential sexual dimorphism is precluded by the small sample size and incompleteness of ovigerous specimens.
In crustaceans such as lobsters (Homarus), the egg is surrounded by the vitelline membrane and the inner egg envelope [11] . It contains a large yolk, through the surface of which the embryo emerges. As the embryo grows, the amount of yolk decreases, but the volume of the egg continues to increase due to water absorption. Meanwhile, the outer membrane becomes increasingly fragile until hatching [12] . In W. fieldensis, the well-defined area rich in aluminum and potassium most probably represents the external egg membrane. The internal area enriched in carbon, phosphorus, and calcium is likely to represent the developing embryo itself, while the often-overlapping ring rich in carbon may be the outline of the yolk. In modern crustaceans, the yolk sac occupies a large part of the embryo in the early stage of development (e.g., ostracods; Figure S4 ). Later stages show the consumption of yolk reserves concomitant with the growth of the embryonic segmented body. In W. fieldensis, the eggs found in different individuals probably have reached different developmental stages. In early stages, yolk reserves still occupy a relatively large volume, evidenced by the carbon-rich ring occupying most of the circumference of the eggs (Figures 2G and 2H; see also Figure S2) . In later phases, the yolk sac becomes smaller relative to the embryo. The embryos of modern crustacean eggs are richer in phosphorus than their yolks [13, 14] , giving credence to the idea that the relatively high concentration of this element is indicative of embryos of W. fieldensis. The presence of copper in the same area is more likely taphonomic in nature ( Figure S3 ).
It is debatable whether eggs were attached along the inner surface of the carapace or were free-floating within the space between the carapace and the body wall ( Figure 3 ). Although the extent of the dark stain around the egg clusters is unclear, it might be the remnants of mucus or another adhesive substance extruded with the eggs. In lobsters, oviposited eggs tend to stick to each other and to ovigerous setae due to the adhesive nature of the outermost envelope of the eggs [15] and because egg stalks contribute to egg mass cohesion. There is no evidence of stalks or ovigerous setae in W. fieldensis, but (I-L) ROM 63356; laterally preserved specimen with composite elemental maps (Al, K, C, Ca, P, S, Fe, Cu, Si, O) of both part and counterpart (frame in I) (see also Figure S2 ).
(legend continued on next page) the compact arrangement of eggs suggests that they may have been attached to the inner wall of the carapace.
Spawning Events
In extant crustaceans, spawning events can vary from multiple times in one year, e.g., [10] , to biennially [16] . W. fieldensis specimens with eggs are very rare within the entire Walcott Quarry interval relative to the specimens without eggs, suggesting a low frequency of spawning events or a low percentage of mature females in the population. Since the five specimens with eggs come from five different bedding assemblages, they demonstrate consistency in preservation. It is possible that eggs might have dissociated from specimens during transport, although there is no evidence of isolated eggs preserved in the Burgess Shale. What might have controlled spawning events in W. fieldensis is unknown. In Homarus, temperature is the major factor determining the timing and synchronization of spawning, successful egg attachment and incubation, and hatching [17] . While original clutch size can vary from 3,000 to 100,000 in Homarus, egg mortality during development is high [15] . In Homarus, there are few physical constraints on clutch size, in contrast with W. fieldensis and also with ostracods, where the number of eggs would have been dependent on the limited space available below the carapace. Regardless of the sizes of their eggs, the eggs' developmental stages, or physical constraints, the number of eggs in W. fieldensis is almost identical in all studied individuals, suggesting little egg loss during development.
Reproductive Behaviors in Cambrian Arthropods
W. fieldensis and K. douvillei differ from each other not only in their exoskeletal and internal anatomical features but also in their egg production. In K. douvillei, the eggs are attached to the female along three pairs of posterior appendages [9] and are possibly gathered ventrally ( Figure 3B ; Figure S4 ). The eggs vary in number (50-80) and size (150-180 mm), and the ratio of shield length to egg length is in the lower end of the range of what we see in W. fieldensis (Table 1) . However, when clutch size, carapace length, and total volume of eggs (based on the actual number of preserved eggs) are factored in and scaled to the body size of K. douvillei, the relative volume of eggs produced by W. fieldensis is up to 18 times the total volume of eggs produced by K. douvillei (e.g., ROM 63357) ( Table 1) . Life-history theory predicts that larger females would tend to have fewer but larger eggs due to the metabolic demands of multiple offspring scaling with body size [18] . Larger eggs usually increase offspring fitness [19] , although the presence of fewer but larger eggs could possibly be related to environmental constraints including limited oxygen availability in aquatic environments [20] . Whether these early arthropods had lecithotrophic larvae (as is suspected in K. douvillei [9] ), planktotrophic larvae, or were direct developers cannot be confirmed by fossil evidence. In contrast with planktotrophic larvae that feed while in the water column, lecithotrophic larvae feed on their internal source of nutrition, i.e., the yolk sac. Direct developers are characterized by a first larval stage, which is morphologically almost Abbreviations (see also Figure 1 ): ds, dark stain; ec, egg cluster; l, left; r, right. Scale bars of (A-C), (E), and (I) represent 5 mm; Scale bars of (D) and (F) represent 2 mm; Scale bars of (G) and (K) represent 300 mm; Scale bar of (L) represents 100 mm; and scale bar of (H) represents 50 mm. See also Figures S1-S3. The ''0'' reference point represents the base of the Phyllopod bed (see [8] ). b In each collection, the number of specimens with eggs is without parentheses and the number of specimens without eggs is in parentheses. c See Figure S4 and reference [9] .
identical to the adult form. Egg size is not a predictor of larval type, since planktotrophic larvae, for example, can originate from eggs of intermediate sizes [21] . The supposed developing embryos of W. fieldensis reveal no anatomical details, and the smallest juveniles of this species known from the Burgess Shale, at 1 cm long, belong to an already advanced post-hatching stage. Recent myodocope ostracods brood their embryos (Figure S4 ) and release larvae that are remarkably identical to the adults and have the capacity to swim and feed immediately after hatching. Their early Paleozoic relatives had similar brooding strategies [22] and may be assumed to also have been direct developers. Evidence is currently insufficient to extend this model to other arthropod groups such as waptiids and bradoriids.
Independent Origins of Brood Care in Early Arthropods
Brood care in early arthropods is now evidenced by W. fieldensis and K. douvillei, both from Cambrian deposits, and also by Upper Ordovician and Silurian myodocope ostracods [22, 23] . Myodocope ostracods are abundantly represented in modern benthic and pelagic marine ecosystems. Ordovician and Silurian ostracods are similar to extant species both in terms of carapace design, anatomy, and reproductive strategies [22, 23] . Female myodocopes from 450 million years ago brooded their eggs within their closed bivalved carapaces in a similar way to extant species ( Figure S4) . Myodocopes, W. fieldensis, and K. douvillei represent three different arthropod lineages in which a ''bivalved'' carapace evolved independently. It is possible that the carapace originally served different functions and was co-opted for brooding. Among other functions (e.g., [5] .), the carapace not only protects the body and eggs from physical damage and predators but also offers a substrate where eggs can attach. The interspace between carapace and body is also the bestventilated area thus an enriched oxygenated environment for eggs, although it differs in shape in W. fieldensis, where it is open, K. douvillei, where it is narrow, and ostracods, where it is closed (Figure 3 ). The ''bivalved'' carapace was therefore likely of major importance in the emergence of brood care in early arthropods. Although evidence for brooding is rarely preserved in Cambrian bivalved arthropods, animals offering a suitable microenvironment and possibly better protection for their offspring presumably had a competitive advantage in Cambrian seas.
EXPERIMENTAL PROCEDURES
All observed material from the Burgess Shale comes from the Walcott Quarry (Yoho National Park, British Columbia). Out of 979 specimens of W. fieldensis observed at the Royal Ontario Museum, the five specimens that contained eggs come from five separate bedding assemblages. Observations of 866 additional specimens at the National Museum of Natural History (Smithsonian Institution) failed to uncover any new specimens with eggs. Minimal mechanical preparation was required to remove sedimentcoated structures using a micro-engraving tool equipped with a carbide bit. Specimens were observed under a NIKON SMZ 1500 stereomicroscope and photographed using a CANON EOS 5 digital SLR camera fitted with various macro lenses and under different conditions (wet or dry and a combination of direct and cross-polarized lights). An environmental scanning electron microscope (FEI Quanta 200 FEG) was used to obtain backscatter images and elemental maps under low vacuum conditions (70 Pa, 15 kV, 200 ms dwell time, spot size 5.4) at the University of Windsor, Canada. Brighter areas represent a greater number of elements. Elemental maps were created using an energy scanning spectroscopy (EDS) X-ray detector and octane plus silicon drift detector (SDD; using TEAM software, version 4.1). When both parts and counterparts were known, elemental maps or optical images of the two sides were sometimes fused using the ''Apply'' function in Adobe Photoshop CS6. The ''Apply'' technique is used to combine the pixel information of both images in the same image. This composite image allows the full information from the fossil that had been separated between the part and counterpart to be displayed together. In elliptical eggs, the greater diameter was measured. Since it is difficult to estimate the exact shape of eggs, surface areas and volumes were calculated based on the maximal dimensions of an approximated spheroidal shape (A = 4pr 2 ; V = 4/3pr 3 , respectively) using ImageJ 1.46r. The size of individual specimens was based on their carapace lengths. The body sizes (carapace lengths and egg diameters) of W. fieldensis specimens were scaled to the carapace length of K. douvillei (ELI 1001). The volume of eggs inside W. fieldensis specimens was calculated based on that scaling factor and the total number of preserved eggs in each specimen.
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